Jansen JFA et al . Texture analysis of DCE-MRI in HNSCC patients underwent pre-and intra-treatment DCE-MRI scans at a 1.5T MRI scanner. All patients had chemo-radiation treatment. Pharmacokinetic modeling was performed on the acquired DCE-MRI images, generating maps of volume transfer rate (K trans ) and volume fraction of the extravascular extracellular space (ve). Image texture analysis was then employed on maps of K trans and ve, generating two texture measures: Energy (E) and homogeneity.
INTRODUCTION
Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) has become an important tool for the noninvasive quantification of tumor-associated vasculature [1] . By applying pharmacokinetic modeling on sequential T1-weighted images acquired after administration of a contrast agent, one can yield relevant quantitative tumor biomarkers, such as volume transfer rate (K trans ) and volume fraction of the extravascular extracellular space (ve) [2, 3] . For patients with advanced head and neck squamous cell carcinoma (HNSCC), DCE-MRI has shown potential for assessment of treatment response and outcome [4] [5] [6] . More specifically, measures derived from DCE-MRI, such as K trans and ve, were demonstrated to provide helpful additional information regarding characterization and prognosis of HNSCC with neck nodal metastases [7, 8] . HNSCC has been shown to be heterogeneous, due to a chaotic and poorly organized tumor vasculature. Furthermore, tumor heterogeneity is linked with tumor malignancy [9, 10] . Tumor heterogeneity of the blood supply may underlie treatment resistance as it prevents therapeutic efficacy. Thus, tumor heterogeneity is highly relevant for the assessment of tumor malignancy and the prediction of treatment outcome. Most studies often report summarizing measures, including mean, median, or standard deviation based on a selection of pixel-by-pixel values, to characterize the whole tumor. However, these often utilized parameters do not always completely characterize the morphologic nature (i.e., heterogeneity) of tumors. It is clinically highly relevant to discover or improve on imaging biomarkers that properly reflect tumor heterogeneity that may assist HNSCC treatment.
A suitable method to assess tumor heterogeneity is image texture analysis [11] [12] [13] [14] [15] . During texture analysis, an algorithm is utilized that quantifies spatial intensity coherence of an image, which yields a number of textural features (related to heterogeneity), that are independent of the above mentioned summarizing measures such as mean and standard deviation. An example is the gray-level co-occurrence matrix (GLCM), which is a popular algorithms for texture analysis [11] . Image texture analysis has shown potential in the application of tumor differentiation and treatment response prediction [16] [17] [18] . For example, Karahaliou et al [17] investigated the feasibility of using texture analysis to quantify the heterogeneity of lesion kinetics and differentiate malignant and benign breast lesions. El Naqa et al [12] employed the texture features from PET images to predict treatment response in cervix and head and neck cancers. Alic et al [11] found that the tumor response group in limb sarcoma had a high feature of image coherence in pretreatment DCE-MRI K trans maps. However, the texture analysis of DCE-MRI pharmacokinetic maps has not been investigated in head and neck cancers for predicting treatment response yet. The purpose of the current study is to assess the merits of GLCM-based texture analysis of parametric maps derived from DCE-MRI pharmacokinetic modeling for the prediction of treatment response in patients with HNSCC.
MATERIALS AND METHODS

Patients
Our institutional review board approved and issued a waiver of informed consent for this retrospective study, which was compliant with the Health Insurance Portability and Accountability Act. Nineteen head and neck cancer patients with nodal metastases (M/F: 16/3; age: 41-74 years old; primary tumor site: Oropharynx) with histopathologically confirmed HNSCC were selected for this study. The characteristics of the patients are listed in Table 1 . All patients were treated with intensitymodulated radiation therapy with dose prescriptions of 70 Gy for gross disease, 59.4 Gy for high-risk regions, and 50 to 54 Gy for low-risk regions [19, 20] . 
DCE-MRI
Patients underwent examination with MRI before (pretreatment) and 10 to 14 d (intra-treatment) after the commencement of chemo-radiation treatment. MRI was performed on a 1.5-Tesla scanner (General Electric, Milwaukee, WI, United States) using an 8-channel neurovascular phased-array coil. The MRI protocol consisted of the standard anatomic MRI scans (T1/T2 weighted images) and DCE-MRI scans. A two-dimensional spoiled gradient echo (2D-SPGR) pulse sequence was used for DCE-MRI image acquisition. The data acquisition parameters for the 2D-SPGR pulse sequence were: Repetition time = 7.8 ms, echo time = 1.9 ms, temporal resolution = 6 s, phases = 50-60, number of excitation = 1, flip angle (α) = 30°, receive bandwidth = 15.63-kHz, field of view = 18-20 cm, slice thickness = 5-6 mm, yielding 3-8 slices, zero gap and a 256 × 128 matrix (zero-filled to 256 × 256 during image reconstruction).
The contrast of gadopentetic diethylene triamine penta acetic acid (Gd-DTPA) (Magnevist; Berlex Laboratories, Wayne, NJ, United States) was delivered by antecubital vein catheters at a bolus of 0.1 mmol/kg and 2 cc/s, followed by saline flush using a MR-compatible, programmable power injector (Spectris; Medrad, Indianola, PA, United States). The total acquisition time for obtaining the DCE-MRI data was approximately 5 min.
Pharmacokinetic modeling
Pharmacokinetic modeling was performed using the Tofts model [23] :
where Ct (mmol/L) is the concentration of contrast agent in the tumor tissue; Cp (mmol/L) is the concentration of contrast agent in the blood plasma [known as the arterial input function (AIF)]; K trans (min
) is the volume transfer rate between the blood plasma and extravascular extracellular space (EES); ve is the volume fraction of EES; T is the acquisition time course (min); and t is the integration variable.
Pharmacokinetic measures (K trans , ve) were estimated by using a nonlinear least-square fitting method, of which the optimization procedure consisted of using a Matlab build-in subspace trust region algorithm [24] . Threedimensional regions of interest were delineated for the metastatic node on all the 2D-SPGR slices containing the tumor by a neuroradiologist with more than 10 years of experience, as described previously [25] . The data was fitted on a voxel-by-voxel basis within the ROI, yielding values of average (mean) and standard deviation, as well as parametric maps of K trans and ve.
Image texture analysis
Image texture analysis was performed on parametric maps of K trans and ve at the tumor's central slice. First, the noise on the maps was removed with a noise thresholding method which is based on the Ostu's algorithm. Histogram equalization with 64 discrete levels was performed to enhance map contrast. GLCM was calculated with 16 gray levels by setting the distance of pixel of interest to the left of its neighbor to be one pixel [11] . Based on the GLCM obtained, two texture measures of parametric maps were computed:
th entry in a gray-tone spatial dependence matrix (I = 1:N; j = 1:N), and N is the number of distinct gray levels in the quantized image. E returns the sum of squared elements in the GLCM. E 
i,j Jansen JFA et al . Texture analysis of DCE-MRI in HNSCC ranges from 0 to 1. For a constant image, E equals 1.
H returns a value that measures the closeness of the distribution of elements in the GLCM to the GLCM diagonal. H ranges from 0 to 1. For a diagonal GLCM, H equals 1.
Statistical analysis
The measures derived from DCE-MRI pharmacokinetic modeling and image texture analysis were used for statistical analysis. The Lilliefors test was used to test the normality of all DCE-MRI-derived measures from the study patients. The differences in these measures between pretreatment and intra-treatment DCE-MRI scans were tested using a paired student's t-test. The non-parametric Mann-Whitney U test was performed to assess the metric differences between LC and LF groups. The measures from pretreatment and intra-treatment scans, and the metric difference between pretreatment and intra-treatment scans, were used for the MannWhitney U test. To determine the measures that provide the best prediction of outcome, a forward sequential feature selection algorithm was used, followed by logistic regression analysis, which determined the probability of prediction. Statistical analysis was performed using Matlab R2008a on a Microsoft Windows system.
RESULTS
The clinical outcome for 19 patients with cancer of the oropharynx was assessed: 17 patients had local control of the disease (LC), and 2 patients had local failure (LF). Figure 1 ; P < 0.02, Table 2 ), showing tumor volumes were smaller after the commencement of treatment. No significant changes were found for the common summarizing measures (mean and standard deviation) for K trans and ve (P > 0.09). However, texture analysis revealed that the imaging biomarker E of ve was significantly higher in the intra-treatment scans than in the pretreatment scans [0.41 ± 0.22 vs 0.30 ± 0.11 (no unit); P < 0.04], as shown in Table 2 and Figure 2 . No significant difference was found when comparing the measures between the LC and LF groups, either in the pretreatment or intra-treatment scans, as seen in Table 3 . However, there was a trend towards greater elevation in the E of ve in the LF patients after treatment, 
DISCUSSION
In this study, we assessed the benefit of GLCM texture analysis on pharmacokinetic DCE-MRI maps for the prediction of treatment response in patients with HNSCC with neck nodal metastasis. An early and reliable predictor of treatment outcome could be especially valuable in the management of advanced HNSCC. Whereas common summarizing measures (mean and standard deviation) for K trans and ve did not yield significant differences, a biomarker derived from texture analysis, E of ve, did yield significant results. Specifically, we observed a significantly higher intra-treatment energy E of ve, compared to pretreatment scans. The GLCM-derived biomarker, E, can be interpreted as an inverse heterogeneity measure, in which lower values are indicative of greater heterogeneity [11] . Hence, as the energy E of ve was higher during treatment, compared with before treatment, it seems that treatment reduces the heterogeneity of the tumor. However, the treatment-induced reduction in heterogeneity seems more pronounced for patients with local failure, rather than patients with local control, which might indicate that ineffective treatment counter-intuitively yields more homogeneous, rather than heterogeneous, tumor characteristics. It is important to note that the low number of patients with LF observed in our cohort limits the reliability of this analysis. The low number of LF patients in this study is because at our center, patients with advanced locoregional cancer of the oropharynx who undergo chemo-radiation treatment have an approximately 90% local control rate. Future studies would require larger patient populations. If treatment-induced reduction of tumor heterogeneity in patients with local failure is validated in subsequent studies, this finding may have implications for the future design of adaptive chemo-radiation therapy trials in advanced head and neck cancers.
DCE-MRI provides a non-invasive method to probe the properties of tumor vasculature, such as perfusion, permeability of blood vessels, and volume of extracellular space. The ability of DCE-MRI to predict a patient's response to chemo-radiation treatment has been previously investigated in head and neck cancers [5, 7, 8] . In a study by Cao et al [7] that followed head and neck cancer patients for a median of 10 mo (range, 5-27 mo), the blood volume in the primary gross tumor volume was increased significantly in local control patients after 2 wk of chemo-radiation, compared with local failure patients (P < 0.03) [7] . In a study of 33 patients with head and neck cancer treated with neoadjuvant chemo-radiation therapy, Kim et al [8] found that the average pretreatment K trans value of a group with complete response to treatment was significantly higher than that of a group with partial response (P = 0.001) at a 6 mo follow-up. Our findings add to these studies that in addition to standard descriptive measures of pharmacokinetic maps, texture analysis may provide potential biomarkers related to local disease control, and thus may help guide clinical management. The results of our study are not necessarily consistent with other studies that applied image texture analysis on DCE-MRI-derived parametric maps [11, 26] . For example, Alic et al [11] used the heterogeneity features (i.e., coherence and fractal dimension) from texture analysis on parametric maps derived from DCE-MRI scans in 18 patients with limb sarcomas and found that tumors that responded to treatment had a high coherence on the pretreatment scans of those patients [11] . Similarly, O'Connor et al [26] found that microvascular uniformity (assessed with the fractal measure box dimension) in pretreatment scans correlated with treatment response in 10 patients with colorectal cancer with liver metastases. However, different tumor types and treatment regimens may impact the results of DCE-MRI-derived parametric maps in different ways. Validation studies with histopathology [27] or other measures of tumor microenvironment [10, 25, 28, 29] open up scope for future studies in this area. The limitations of this study are that: (1) the study had a small cohort of patients with only 2 patients with loco-regional failures, therefore an investigation with a large population is needed; (2) in this study, we made an assumption of an accurate T1 and AIF measurement and ignorable patient movements, which may affect the values of pharmacokinetic metrics and generated texture features; and (3) We did not compare the sensitivity and specificity of our method with the results from other investigators. All these issues will be addressed in future studies.
Image texture analysis can provide biomarker's of heterogeneity for the analysis of DCE-MRI parametric maps of head and neck cancers. Specifically, we observed that chemo-radiation treatment significantly reduces the heterogeneity of tumors. The findings from this study may have potential value in stratifying patients and designing individualized treatment plans during the early management of HNSCC patients.
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COMMENTS
Background
Head and neck squamous cell carcinoma (HNSCC) is a major form of cancer that still kills vast numbers of cancer patients, and patients would certainly benefit with improved imaging methodology for a better staging/diagnosis, treatment evaluation, and treatment response prediction.
Research frontiers
Although magnetic resonance imaging (MRI) is often standardly applied in the clinical workup of patients newly diagnosed with HNSCC, advanced MRI methods [such as dynamic contrast-enhanced (DCE)-MRI] and advanced data analysis methods are currently being developed to optimize the added value of imaging.
Innovations and breakthroughs
In this study, novel texture analysis was applied to parametric maps derived from DCE-MRI. The results are very promising.
Applications
In principle, the applied image analysis can be readily applied on any parametric map, hence they can be incorporated in many clinical cancer trials that 
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